This paper considers the problem of the simultaneous finite-time event-triggered control and fault detection for a class of continuous-time singular Markovian jump mixed delay systems (SMJDSs) under asynchronous switching. In order to develop the control and detection objectives, the mode-dependent fault detection filters and dynamic feedback event-triggered-based controllers are designed and the switching signal between the detector/controller unit and subsystems is assumed to be asynchronous. Based on average dwell time (ADT) techniques, some new sufficient conditions for the existence of fault detection/controller unit are presented in the framework of linear matrix inequalities (LMIs) to ensure the control system has singular stochastic finite-time stability (SSFTS). Finally, a numerical example is provided to illustrate the effectiveness of the proposed method.
Introduction
In the past decade, the fault detection problem has been widely investigated due to the rising demand for higher safety and reliability standards in modern society. In generally, faults are unavoidable under practical conditions, such as hotspot faults, sensor faults and short circuits faults [1] [2] [3] . Up to now, various kinds of fault detection techniques have been developed, for example, model-based approaches, knowledge-based schemes and signal-based methods etc. Particularly, the problem of H ∞ optimization-based fault detection has been an active research area [4] [5] [6] [7] . However, in many practical cases, the fault detection systems have feedback control, that is, the fault detection system is usually of closed-loop type, and if the fault detection systems are designed separately from the control algorithms, faults may be hidden by control actions and the early detection of faults is clearly more difficult, especially low frequency faults [8] [9] [10] [11] [12] [13] [14] [15] . Therefore, the problem of merging the control and fault detection units into a single detector/controller unit, i.e. simultaneous control and fault detection issue has become a very important research topic in information security field; recently. [8] dealt with the problem of simultaneous finitetime control and fault detection for linear switched systems with state delay and parameter uncertainties; [9] was concerned with the simultaneous robust control and fault detection problem for continuous-time switched systems subject to dwell time constraint; [10] investigated the problem of simultaneous fault detection and control for switched linear systems under a mixed H ∞ /H -framework and [11] presented the problem of simultaneous fault detection and control design for switched systems with two quantized signals; in [12] , the authors first attempted to deals with the simultaneous robust fault detection and control problem for a class of nonlinear stochastic switching systems under asynchronous switching; this paper further improved the results in the literature [9] .
In practical situations, the periodical sampling is often used to control physical plants since it can simplify the design and analysis [16] . However, the communication burden is neglected in the framework of the periodic sampling; especially when the difference between consecutive sample-data is not distinct, it is obviously a waste of limited communication resources transmitting the sampled data to the controller [17] . Recently, in order to overcome this difficulty, event-triggered scheme is introduced and has been received particular attention, which is more convenient and effective than the traditional time-triggered technique, meantime, compared with the time-triggered mechanism, the event-triggered scheme can promise energy efficiency and reduce the burden of the communication [18] [19] [20] [21] .
In most existing literature, finite-time stability has received increasing attention and the concept of finite-time stability was proposed in practical processes, such as avoiding saturation or the excitation of nonlinear dynamics during the transient [22, 23] . Different from the classical Lyapunov stability concept, finite-time stability is defined as the behavior of the dynamical systems that can be tracked over a fixed finite-time interval, that is, the system state does not exceed a certain bound during a fixed finite-time interval. The introduction of such a stability concept is very necessary and important in many practical problems. So, the problem of finite-time stability it is not only the need of theoretical learning, but also the need of practical application. Now, many interesting results have been obtained for this type of stability. For example, [24] investigated the problem of robust finite-time boundedness of H ∞ filtering for switch systems with time-varying delay; [25] addressed a finite-time stabilization problem for a class of continuous-time Markovian jump delay systems with switching control approach; [26] studied observerbased state feedback finite-time control for nonlinear jump systems with time-delay and [27] dealt with the finite-time synchronization problem for a class of uncertain coupled switched neural networks under asynchronous switching.
It is well known that singular systems, which are also referred to as generalized statespace systems, descriptor systems or implicit systems, as a kind of important system, singular systems have been received extensively attention during the past decade due basically to their powerful applications in many practical systems, such as economic systems, robotic systems, biological systems network control systems, chemical systems, and many other systems. Different from other regular systems, singular systems are more general and complex owing to not only the stability are need to be considered, but also regularity and absence of impulses or causality is need to be considered. Due to this fact singular systems can better describe and analyze the behavior of some physical systems than regular ones by standard state-space systems [28, 29] . Moreover, since the existence of time-delays often causes undesirable behavior such as degradation stability in dynamical systems, one of the major issues of stability and control analysis for time-delay singular systems has been studied extensively in actual problems [30, 31] .
The main challenge is now simultaneous finite-time control and fault detection in the presence of some complicated factors, such as jump model uncertainty, mixed delay and disturbances for a class of singular Markovian jump delay systems under asynchronous switching. To the best of our knowledge, this problem has not been investigated yet.
Therefore, motivated by the aforementioned observations, in this paper, we will deal with the problem of simultaneous finite-time event-triggered control and fault detection for a class of singular Markovian systems with asynchronous switching signal, which based on some novel integral inequalities and average dwell time method. The purpose of this paper is to design mode-dependent detector/controller unit such that the augmented system is not only singular stochastic finite-time stability but also satisfies H ∞ performance indices. A novel stochastic Lyapunov function and a set of strict LMIs will be utilized to derive sufficient conditions guaranteeing the desired detector/controller unit can be constructed. The main contributions of this paper can be summarized as follows: (1) In this paper, a class of much more general singular systems including both stochastic switch, deterministic switch and mixed time-varying delay are considered simultaneously. (2) Based on the event-triggered scheme, the simultaneous finite-time control and fault detection problem under asynchronous switching for a class of singular Markovian jump system is considered for the first time. (3) Compared with the method in [8] , some novel sufficient conditions for singular stochastic finite-time stability of Markovian jump systems are obtained in this paper by virtue of new integral inequalities and asynchronous analysis method. (4) A mode-dependent controller/detector, which subject to the ADT constraint is designed, the elements of the transition rate matrix is modeled as a function of the high-level switching signal ϑ t = p,θ t = q; furthermore, owing to the bounded uncertainty description, the uncertainty entry in the transition rate matrix is represented by its upper and lower bounds.
Notations
The notations are quite standard. Throughout this letter R n and R n×m denote, respectively, the n-dimensioned Euclidean space and the set of all n × m real matrices. The notation X ≥ Y (respectively, X > Y ) means that X and Y are symmetric matrices, and that X -Y is positive semi-definitive (respectively, positive definite).
is square integrable function vector over [0, +∞). · is the Euclidean norm in R n . I is the identity matrix with appropriate dimensions. X + X T is denoted He(X) for simplicity. If A is a matrix, λ max (A) (respectively, λ min (A)) means the largest (respectively, smallest) eigenvalue of A. Moreover, let ( , F , (F t ) t≥0 , P) be a complete probability space with a filteration. (F t ) t≥0 satisfies the usual conditions (i.e., the filtration contains all P-null sets and is right continuous). E {·} stands for the mathematical expectation operator with respect to the given probability measure. Denote by L
The asterisk * in a matrix is used to denote a term that is induced by symmetry. Matrices, if not explicitly specified, are assumed to have appropriate dimensions. Sometimes, the arguments of the function will be omitted in the analysis when no confusion can arise.
Problem formulation and preliminaries
Consider a class of SMJDSs described by the following model:
where x(t) ∈ R n is the system state vector, y(t) ∈ R m is the measured output, h(t) ∈ R l is disturbance input, u(t) ∈ R g is the control input and f (t) ∈ R v is the fault vector. The matrix E(ϑ t ) ∈ R n×n may be singular, and it is assumed that rank(E(ϑ t )) = r ≤ n. 
Assumption 2.2 In this paper, the time-varying delays d(t), τ (t) are continuous satisfying
In this paper, the aim is to design a detector (filter)/controller (state feedback) unit, which is described by
where x f (t) ∈ R n is the state of the detector/controller unit, r(t) ∈ R l 1 is the residual signal,
gains, which will be determined. Moreover,θ t is the switching signal of detector/controller unit and can be regarded as a delayed signal of ϑ t . Under the switching signal ϑ t andθ t , one can get the following switching sequences and Fig. 1 shows the phenomenon of asynchronous switching: instant of detector/controller unit to that of the system (1), and it is assumed thatd = max{d k |k = 0, 1, . . .} cannot exceed the next switching instant of the system. {υ t , t ≥ 0} is a continuous-time discrete state Markov process with right continuous trajectory values in a finite set K = {1, 2, . . . ,k},k ∈ N with the TPs
where > 0, lim →0 + o( )/ = 0 and π (pq) ij is the transition rate from mode i at time t to mode j at time t + that satisfies π 
Note that matrix (pq) is the time-varying and subject to the ADT constraint. Such timevarying transition rates π (pq) ij are unknown but they belong to the admissible bounded compact set π (pq) ij =π (pq) ij + π (pq) ij (6) and the uncertain π 
Now, we will introduce the following event-trigger instant sequence:
Without loss of generality, we assume that the first event happens at time instantt 0 . With the system state estimates x f (t σ ) sampled at time instantt σ , the next sampling instant t σ +1 can be determined by the event-trigger. In this paper, the state feedback controller is event-triggered, which can be given by
Note that in the event-triggered scenario, at sampling time instantt σ , the controller (8) will receive the sampled data and hold unchanged until next event is generated at time instantt σ +1 , that is, there is no new control input updates during two consecutive time instants in sequence χ . Hence, a zero-order holder (ZOH) is equipped in the system in order to keep the control signal continuous. Now, we introduce the event detector which is used to determined whether the newly sampled data should be sent out to the controller by using the following threshold condition:
where e(t) = x f (t σ )-x f (t), 1i > 0 and 2i > 0 for each i ∈ K, are an event-triggered weighting matrix to be determined for a proper error tolerance ρ i ∈ [0, 1). Based on the above inequality, we know that if the sampling data exceeds the threshold condition (9), the (σ + 1)th event will be triggered.
Remark 2.2 Based on (9), we know that the next event will not be generated before
x f (t) = 0 and at the event-trigger instantt δ , if e(t) = 0, one sees that a positive lower bound exists on the inter-event, that is,t δ+1 -t δ > 0, which eliminates the Zeno behavior of the sampling. Furthermore, by the similar method, which was discussed in [18] , a positive lower bound will be obtained. Therefore, based on the above description, the Zeno behavior of the sampling can be excluded because there is no accumulation point in the sampling if
Then, by combining the detector/controller unit (2) and the system (1), we can obtain the following augmented system:
(10)
Case I: switching signals ϑ t andθ t are a mismatch, theñ
Furthermore,r(t) and r w (s) = W (s)f (s) are a filtered version of the fault signals and W (s) ∈ RH ∞ is the given stable weighting transfer function. The realization of r w (s) = W (s)f (s) is supposed to be W :
where A w , B w , C w , and D w are known constant matrices.
Case II: switching signals ϑ t andθ t are matched, theñ
Remark 2.3 In this paper, the simultaneous finite-time control and fault detection problem will be described as designing a detector/controller unit in form of (2) such that the augmented system (10) is SSFTS and the following H ∞ property should be guaranteed when there exists a disturbance and fault under zero initial conditions:
Remark 2.4 Recently, [18, 19] investigated the problem of fault detection for networked control systems based on event-triggering mechanism, however, the fault detection filter is designed separately from the state feedback control algorithms. Furthermore, in [20] , the authors continued to study the problem of event-triggered fault detection filter and controller coordinated design for networked control system, obviously, the results are much more general than the conclusions of [18, 19] . In [12] , the authors discussed the problem of fault detection and control for stochastic switched delay systems under asynchronous conditions for the first time. In summary, to the best of our knowledge, the same problem about singular MJDSs using an event-triggered sampling scheme has not been investi-gated yet, and the results show great room to improve by introducing some novel integral inequalities. So, this is the main motivation for us to further develop the simultaneous finite-time control and fault detection problem. Now, the following definitions are given, which are indispensable for later development.
Definition 2.1 ([32]) For any switching signal and any
where τ a is called average dwell time and N 0 denotes the chatter bound.
) is said to be:
2. impulse-free if it is regular and degree
Definition 2.3 ([34])
The augmented system (10) is said to be SSFTS with respect to (c 1 , c 2 , G , T). With 0 < c 1 < c 2 , G > 0, if the stochastic system is regular and impulse-free in time t ∈ [t 0 , T] and satisfies
Before proceeding, we will introduce the following lemmas which will play an important role in the derivation of our main results.
and any matrices N i ∈ R n×n (i = 1, 2), the following inequality hold:
where
Lemma 2.2 For any appropriately dimensioned matrices Z
and positive scalars d 1 , and α, the following inequality holds:
Proof Firstly, we can find that the following inequality is true
which implies the inequality (16) 
Design of the detector/controller unit
In this section, LMI conditions are presented such that the SSFTS and performance property (12) are satisfied simultaneously for augmented system (10) with average dwell time constraint and then we will endeavour to develop the design problems for detector/controller unit with the form of (2). 
and the average dwell time satisfying
,
where 
If we replace the switching signalθ t = q and positive scalar α 2 with switching signal ϑ t = p, and positive scalar α 1 in the LMIs (19) and (20), we can obtain the LMIs (21) and (22) , respectively.
Proof In order to develop our results, we will divide the time interval into two parts, one is [t k , t k + d k ) (k = 0, 1, . . .), the other is [t k + d k , t k+1 ) (k = 0, 1, . . .), which correspond to the asynchronous and synchronous time interval between the switched subsystems and their controller unit, respectively. Next we will discuss our problems in two cases.
Case I: In mismatch period.
Firstly, we will show that the system (10) is regular and impulse-free. From (19) , it is seen that (pq) 11 < 0, so, it is known that there exist two nonsingular matricesM andÑ , such that
whereŨ pq is any real nonsingular matrix for any p, q ∈ 1 . Now, we will pre-multiplying and post-multiplying (pq) 11 < 0 byÑ T andÑ , we can have He(S pq2ŨpqÃ (22) ipq ) < 0, which impliesÃ (22) ipq is nonsingular matrix. Then, for i ∈ K, p, q ∈ 1 , pair (Ẽ pqÃipq ) is regular and impulse-free. Based on Definition 2.2, we can see that augmented system (10) is regular and impulse-free for any time-varying d(t) satisfying Assumption 2.2. Now, we will show augmented system (10) is SSFTS. Firstly, choose a stochastic Lyapunov function candidate for the system (10) for any i ∈ K, p, q ∈ 1 :
Then the derivative of V pq (t) along the trajectory of the system (10) can be calculated as follows for each i ∈ K, p, q ∈ 1 :
Now, from Lemma 2.1 and Lemma 2.2, we have
In order to improve the feasible region of criteria, for any symmetric matrices H 1 and H 2 , one has
Then we have
Based on the reciprocally convex approach, for any matrix G, we can obtain the following inequality:
Now, we will analyze the uncertain transition rate π (pq) ij with the assumption (6) as fol-
Next, in order to deduce our results, we suppose that
In view of event condition (9), e T (t) 1i e(t) -ρ i x T f (t) 2i x f (t) ≤ 0 holds for all t ≥ 0 and combining the above discussion by the Schur complement lemma, it can be deduced that
if inequalities (19) and (20) are satisfied. Case II: In match period.
, which is the synchronous time interval between the switched subsystems and their controller unit. Next, similar to Case I, we will further analyze our results under the match period. Let choose the following multiple Lyapunov-like functional for the augmented system (10) as
Similar to the proof of Case I, if (21) and (22) hold, then
Then from (37) and (44), we can have
Step 1. Firstly, we will show that the augmented system (10) is SSFTS under the conditions of Theorem 3.1 if z(t) = 0.
Based on the truth of (37) and (44), we know that if z(t) = 0, (45) is equivalent to
Without loss of generality, one assumes that α 1 ≥ α 2 and the other condition of α 1 < α 2 will be analyzed in the following.
From the definitions of V pq (t) and V p (t), it shows that if α 1 ≥ α 2 ,
Then, for any t ∈ [t k , t k + d k ) and α 1 ≥ α 2 , we can obtain
It is easy to obtain the following fact through simple calculations:
where T mism (t 0 , t) and T m (t 0 , t) denote the total mismatched time and matched time interval lengths on [t 0 , t]. N ϑ(t 0 ,t) and Nθ (t 0 ,t) denote the number of synchronous and asynchronous switching on the interval [t 0 , t), respectively. Furthermore, based on the assumption of d max , we know that relational expression Nθ (t 0 ,t) < N ϑ(t 0 ,t) is true.
In conclusion, it gives that
Next, if α 1 < α 2 , we can also obtain following inequalities very easily by the similar analysis in (47):
According to the same techniques as in the proof of (52), the following inequality is true
By combining the two cases with α 1 ≥ α 2 and α 1 < α 2 , eventually, we have the estimation of E {V (t)} as follows:
According to the definition of V (t), we know that
Then for any t ∈ [t 0 , T], we can conclude that
Therefore, from (24), (25), we can have E {x T (t)Gx(t)} < c 2 , then, according to Definition 2.3, system (10) is SSFTS under the asynchronous switching.
Step 2. In this section, we will show that H ∞ property (12) should be guaranteed if the conditions of Theorem 3.1 are satisfied.
Firstly, according to the (45) and the similar proof of Step 1, we can conclude that
From E {V (t)} ≥ 0, (60) implies that under zero initial conditions and for t 0 = 0
The following fact is very obvious:
Then we can obtain
Multiplying both side of (62) by
we can have
Let N 0 = 0, t = T, if (25) is satisfied, we can conclude that
By simple calculation, we obtain
where γ = γ 0 e 3α 1 T 2 , λ = α 1 , which implies that the H ∞ property (12) is guaranteed. This proof is completed.
In this section, we direct our attention to design a detector/controller unit in the form of (2) based on the results of Theorem 3.1 which guarantees the system (10) is SSFTS with H ∞ performance index (12) .
Remark 3.1 In the proof of the Theorem 3.1, we introduce some mode-dependent Lyapunov function (38)-(43) in match period, and the exponential structure such as e α 1 (t-s) ,
not is e -α 1 (t-s) . The reason why this is constructed, one is that the proof of SSFTS is more convenient, the other is that the restricted condition such as P i ≤ μ 1 P ij , P ij ≤ μ 2 P i is not necessary. So, the results in this paper are more reasonable. 
=Ẽ
T pq
2 ) + 2W 22pq 0 0dH 
, the detector/controller unit gain matrices are given bŷ
of fault can be detected by the following logic rule:
Examples
In this section, we shall give an illustrative example to demonstrate the effectiveness of the proposed method. Firstly we consider the transition rate matrix (pq) and singular matrix E p with two vertices:
(1) = -0.6 + π From Fig. 4 , we know that if we enlarge the parameters D f 1 , D f 2 , the effect of fault on the output y(t) will be larger, so the residual signalr(t) becomes larger, and the detection time of fault will be reduced. Based on our results, we can obtain J th = sup h(t) =0 
0r
T (t)r(t) dt) = 0.2037 > J th , that is fault signal will be detected after 0.02 s. Meantime, Fig. 6 shows the inter-event intervals, obviously, from Fig. 6 , we can know that the event is triggered 145 times during the simulation time period. Finally, the phase plane plot of the closed-loop system is shown in Figs. 7 and 8 depicts that the states of the system (10) is stability in finite time with our proposed control strategy in this paper.
Conclusions
In this paper, the problem of simultaneous finite-time event-triggered control and fault detection for a class of singular Markovian mixed delay jump systems under asynchronous switching has been investigated. A mode-dependent detector/controller are designed, which guarantees the closed-loop system is SSFTS and satisfies four H ∞ performance indices. By using some novel integral inequalities and the optimization technique, the results are derived in terms of the LMIs. Finally, a numerical example is provided to illustrate the effectiveness of the proposed method.
